Mammalian epidermis consists of three self-renewing compartments: the hair follicle, the sebaceous gland, and the interfollicular epidermis. We generated knock-in alleles of murine Lgr6, a close relative of the Lgr5 stem cell gene. Lgr6 was expressed in the earliest embryonic hair placodes. In adult hair follicles, Lgr6+ cells resided in a previously uncharacterized region directly above the follicle bulge. They expressed none of the known bulge stem cell markers. Prenatal Lgr6+ cells established the hair follicle, sebaceous gland, and interfollicular epidermis. Postnatally, Lgr6+ cells generated sebaceous gland and interfollicular epidermis, whereas contribution to hair lineages gradually diminished with age. Adult Lgr6+ cells executed long-term wound repair, including the formation of new hair follicles. We conclude that Lgr6 marks the most primitive epidermal stem cell.
I
n the adult skin, interfollicular epidermis (IFE) and sebaceous glands (SGs) are subject to constant self-renewal, whereas hair follicles (HFs) cycle between growth, involution, and resting phases ( fig. S1 ) (1) . Under normal conditions, these three skin cell populations are each believed to be maintained by their own discrete stem cells (2) . When tissue homeostasis is disrupted, however, any of the three stem cell populations is capable of producing all three structures (2, 3) . The IFE can be maintained without the recruitment of stem cells from the HF bulge (4) (5) (6) (7) (8) , yet the exact identification of IFE stem cells has remained elusive. Within the SG, progenitors reportedly maintain this structure independent of the HF (5, 9). HF stem cells reside in the bulge, express CD34 and cytokeratin 15 (10) (11) (12) , and retain DNA or histone labels (13) (14) (15) . However, stem cells may reside in other areas of the HF as well (16) (17) (18) (19) .
We recently identified Lgr5 [leucine-rich repeat-containing G protein (heterotrimeric guanine nucleotide-binding protein)-coupled receptor 5] as a marker of cycling stem cells in the intestine (20) . Subsequently, we demonstrated that Lgr5 marks HF stem cells, which over very long periods of time contribute to all hair lineages but not to the SG or IFE (21) . A closely related gene exists in the mammalian genome, Lgr6 (22) . To evaluate a potential involvement of Lgr6 in stem cell biology, we obtained LacZ-and EGFP-Ires-CreERT2 (where EGFP is enhanced green fluorescent protein and Ires is internal ribosomal entry site) knock-in alleles (23) (figs. S1 and S2). Both integrations create null alleles. Homozygous mice of both strains were healthy and fertile. In adult Lgr6LacZ and EGFP-IresCreERT2 knock-in mice, we noticed prominent expression in rare cells in brain, mammary gland, lung, and skin. In the latter tissue, in situ hybridization confirmed the pattern observed with the knock-in alleles ( Fig. 1 and figs. S1 to S3). Lgr6 was first observed around embryonic day 14.5 (E14.5) (Fig. 1A) . Expression was evident throughout the epithelial compartment of placodes, whereas the epidermis was entirely negative (Fig. 1B) . Lgr6 is thus one of the earliest placode markers, resembling Sonic Hedgehog (24) and Sox9 (25) . Lgr6 expression persisted during hair peg development (Fig. 1C and fig.  S2C ). The resulting hair breaks through the overlying epidermis postnatally. Lgr6+ cells appeared in the IFE coincident with the emergence of hair ( Fig. 1D and fig. S2D ), suggesting an origin in the developing follicles. Epidermal Lgr6 expression peaked around postnatal day 7 to 15 (P7 to P15) and then became gradually more restricted, with expression persisting within adult HFs on the back and tail throughout life (Fig. 1 , E and F, and fig. S2 , E to I).
Detailed analysis in the first (P20) and second (P56) resting states (telogen) revealed that Lgr6 marked a unique population, located directly above the CD34 and keratin 15-positive bulge (Figs. 1G and 2A and fig. S1 ). Lgr6 cells did not retain the DNA label 5-bromo-2´-deoxyuridine (BrdU) ( fig. S4 ). MTS24 and Lrig1 (upperisthmus markers) (17, 19) and Blimp1 (SG) (9) showed limited overlap with the tight Lgr6 cell cluster (Figs. 1, H and I, and 2A and fig. S1 ). Analysis of LacZ staining in telogen follicles of Lgr4 (26), Lgr5 (20) , and Lgr6 LacZ knock-in mice confirmed that Lgr6 marked the central isthmus directly above the bulge, whereas Lgr4 expression was present in both the Lgr5+ and the Lgr6+ domains (Fig. 2B) .
In agreement with our findings, gene expression profiles of late embryonic (E17.5) HF stem cells revealed Lgr5 and Lgr6 at the top of the enriched-gene list (27) . We directly compared gene expression profiles of sorted Lgr5 high and Lgr6 high cells isolated from P20 dorsal skin. As expected, the Lgr5 population was strongly enriched for bulge markers such as CD34 (Fig.  2C) . The only gene in the Lgr6 profile implicated in stem cell biology and HF development was Tnfrsf19/Troy (28, 29) . Another gene, Il1r2, marks cells at a corresponding position below the SGs in human HFs (30) . Thus, Lgr6 marked a unique, tight cell cluster at the central isthmus of the HF (Fig. 2B) . Of note, although embryonic expression in nascent whiskers resembled that of other hair follicle types, no Lgr6+ zone was established postnatally at the equivalent location ( fig. S9) .
To study lineage relationships of Lgr6+ cells, we intercrossed Lgr6-EGFP-Ires-CreERT2 with the Cre reporter R26R-LacZ mice. Without tamoxifen, we essentially noted no leakiness of Cre activity. Single tamoxifen injections facilitated genetic tracing of Lgr6+ cells and their offspring. We first genetically marked Lgr6+ cells at E17.5, when Lgr6 expression is restricted to hair pegs ( fig. S5A ). Subsequent postnatal LacZ stainings were performed at various phases of the hair cycle. In all cases, widespread labeling of all three skin compartments was observed (Fig. 3B and fig. S5 ).
When lineage tracing was induced at P20, sporadic single LacZ-labeled cells first became visible at P23 (Fig. 3A) . The overwhelming majority of labeled cells still appeared at the isthmus, www.sciencemag.org SCIENCE VOL 327 12 MARCH 2010 implying limited mobility in the intervening 3-day period (Fig. 3B) . When analyzed 18 days after induction, blue clones were observed in SGs, the IFE, and, to a lesser extent, in the hair (Fig. 3, C and D) . Even after >1 year, extensive lineage tracing was readily observed (Fig. 3E and  fig. S6 ). Tracing induced at P56, the second telogen phase, yielded identical observations, albeit HF potential was further diminished (Fig.  3B and fig. S7 ). Quantification of lineage tracing initiated at E17.5, P20, or P56 underscored that, in virtually all cases, labeling was restricted to single cells in the isthmus 3 days after induction (Fig. 3B) . Contribution to SG and IFE was relatively constant between E17.5, P20, and P56, whereas the contribution to the hair decreased with age (Fig. 3B) .
In order to further document the stemness potential, we transplanted Lgr6+ stem cells, isolated at first telogen, onto the backs of nude mice. As expected, Lgr6+ cells reconstituted fully formed HFs. Multipotency of donor stem cells was confirmed by activating the R26R-LacZ locus in vivo 4 days before isolation. A small subset of Lgr6+ stem cells became LacZ-positive and contributed, once transplanted, to all skin lineages (Fig. 3F and fig. S6F ).
The contribution of Lgr6+ cells to wound repair was assessed by inducing lineage tracing at first telogen (P20), followed by excision of 1 cm 2 of full-thickness back skin 5 days later. Lgr6 progeny was traced over >3 months after wounding. As observed previously when bulge stem cells were LacZ-labeled (6), convergent bands of blue cells emanated from the border of the wound and migrated toward its center (Fig. 4, A to D) . Such bands originating from HF bulge stem cells disappear by 20 days postwounding (6) . The blue clones derived from Lgr6+ cells involved cells in the basal layer of the wound epithelium (Fig. 4 , E and F), whereas the clones persisted for >3 months within the newly formed epidermis. As reported by Cotsarelis and colleagues (31), HF growth occurred de novo within the wound epithelium. When scored in a 60-and 100-days postwounding mouse, about 10% of these new HFs were derived from LacZ-marked Lgr6+ stem cells (3 in 34 and 4 in 31, respectively), comparable to the estimated percentage of surface area comprising LacZ-marked keratinocytes in the same wounds (7% and 11%, respectively) (Fig. 4, G and H, and fig. S8 ).
Our study identifies Lgr6 as a marker for a distinct population of stem cells giving rise to all lineages of the skin. Unlike the Lgr5 gene, we found no evidence that Lgr6 is controlled by Wnt signaling. This is in agreement with the notion that the active hair lineage in the lower bulge requires Wnt signaling, whereas the sebaceous and epidermal lineages are Wnt-independent (2). A picture thus emerges in which a Wnt-independent Lgr6 stem cell pool can renew sebaceous cells and seed the epidermis throughout life, whereas a Wntdependent Lgr5 stem cell pool derives from the Lgr6 pool early in life but then becomes relatively independent. In vivo variations in the concentrations of biomolecular species are inevitable. These variations in turn propagate along networks of chemical reactions and modify the concentrations of still other species, which influence biological activity. Because excessive variations in the amounts of certain active species might hamper cell function, regulation systems have evolved that act to maintain concentrations within tight bounds. We identify simple yet subtle structural attributes that impart concentration robustness to any mass-action network possessing them. We thereby describe a large class of robustness-inducing networks that already embraces two quite different biochemical modules for which concentration robustness has been observed experimentally: the Escherichia coli osmoregulation system EnvZ-OmpR and the glyoxylate bypass control system isocitrate dehydrogenase kinase-phosphatase-isocitrate dehydrogenase. The structural attributes identified here might confer robustness far more broadly.
B
iological systems require robustness, that is, the capacity for sustained and precise function even in the presence of structural or environmental disruption (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) . Examples of robustness exist over multiple scales of biological organization, from the biochemical circuit level [robust exact adaptation in bacterial chemotaxis (2) (3) (4) ] to the cellular level [robustness of metabolic functions to changes caused by mutations (12) ].
A biological system shows absolute concentration robustness (ACR) for an active molecular species if the concentration of that species is identical in every positive steady state the system might admit. The function of an ACR-possessing system is thereby protected even against large changes in the overall supply of the system's components.
We identify simple yet subtle structural attributes that will impart ACR to any massaction network that includes them. We provide a mathematical theorem that precisely delineates a very large class of ACR-possessing systems, a class that embraces networks that differ in size, detail, and complexity. This class contains different ACR-possessing models (9, 11) of known examples for which approximate concentration robustness has been verified experimentally. We thus uncover an underlying mathematical unity found at the heart of robustness-producing mechanisms that are biochemically quite different.
To elucidate the concept of ACR, we first consider the toy two-species mass-action system
where A is the active form of a protein, B is the inactive form, and a and b are rate constants. Suppose the protein is synthesized and degraded over long time scales, so that the total protein concentration can be regarded as constant over the system's equilibration time scale. Under this assumption, the differential equations governing the time evolution of the molar concentrations of A and B, denoted c A and c B , are
The positive steady states of Eq. 2 are given by
where Q is the conserved total protein concentration: Q ¼ c A þ c B ¼ c A ð0Þ þ c B ð0Þ. Eq. 3 shows that system (1) has ACR: There is a positive steady state for each value of Q exceeding b=a; and in each of these steady states c A has precisely the same value. In contrast, consider the simple module
Here, the positive steady states are given by
The steady state values of both c A and c B are proportional to the conserved total concentration Q ¼ c A þ c B . Thus, as Q varies, both c A and c B vary in step. The system does not have ACR.
To state our main result, we require some terminology from chemical reaction network theory (13) (14) (15) (16) . The display in Fig. 1A is an example of a standard reaction diagram, that is, a directed graph whose nodes (17) are the distinct linear combinations of chemical species that sit at the heads and tails of the reaction arrows. In Fig.  1A, the chemical species are A, B, C, D, E, and F, 
